Sociality - the tendency to interact with others in an affiliative and agonistic manner - is believed to have evolved as a strategy for animals to cope with challenges in their environment[@b1][@b2]. Endorsing this hypothesis, social behaviours, especially affiliative ones, are positively associated with reproductive success and longevity in a number of species (e.g.[@b3][@b4][@b5]). However, in order for sociality to evolve it must have a heritable, genetic, basis on which selection may act[@b5][@b6]. Yet, whether sociality demonstrates additive genetic variance, and which genes contribute to such variation, remains poorly understood.

Pairs of group-living animals do not interact in a social vacuum but within an interconnected network of social relationships[@b7][@b8]. Studying the genetic basis of sociality requires quantitative measures that accurately reflect the complexity of this trait. Social network analysis is an increasingly popular tool for studying complex social systems as it quantifies the extent to which an individual is connected to others within the topology of the network as a whole[@b8]. Network metrics of sociality include measures that reflect direct connections - A interacts with B - as well as indirect connections - A and C interact independently with B, thus A and C are indirectly connected via B. Indirect connections, often thought of as "friend of a friend" relationships in humans, can influence factors such as dominance rank[@b9] and well-being[@b10][@b11], and may be especially important to animals that form highly differentiated relationships and recognize bonds between pairs of third parties[@b7].

To our knowledge, only two previous quantitative genetic studies have examined the heritable basis of social networks. In a study of human friendship, the number of times a subject was named as the friend of others demonstrated additive genetic variance ("indegree" *h*^2^ = 0.46), as did two measures of indirect connectedness, the proportion of an individual\'s friends who are friends with one another ("clustering coefficient" *h*^2^ = 0.47), and the extent to which an individual connects pairs of individuals who are not friends with each other ("betweenness" *h*^2^ = 0.29)[@b12]. In marmots (*Marmota flaviventris*), indegree was heritable in both affiliative and agonistic networks (in marmots, indegree represents the number of partners from which a subject receives interactions: affiliation indegree *h*^2^ = 0.11; agonistic indegree *h*^2^ = 0.11), as was a second measure of direct agonistic connections ("attractiveness" *h*^2^ = 0.18), but none of the evaluated measures of indirect connectedness demonstrated additive genetic variance[@b5]. This difference in the heritability of indirect connectedness between humans and marmots may reflect differences in the social systems of these species, including differences in the importance of third party relationships.

Here we explore the heritable basis of sociality in a highly gregarious species of nonhuman primate. In a free-ranging population of rhesus macaques (*Macaca mulatta*), we examined genetic variation associated with both affiliative and agonistic interactions; no study has explored the latter in human or nonhuman primates. We also set out to determine whether, as in humans, the tendency to form indirect connections has a genetic basis in rhesus macaques. Prior studies have shown that rhesus macaques exhibit high levels of affiliation and aggression[@b13], occupy differentiated positions within their social networks[@b10][@b14], recognise relationships between third parties[@b15], and are sensitive to the perspectives of others[@b16].

For sociality to evolve, natural selection acts on genetic variation and its component social behaviours via the influence of those behaviours on fitness. While previous studies have shown that affiliative behaviours predict reproductive success in some primates[@b4][@b17][@b18][@b19], much less is known about the relationship between agonism and fitness. Thus, we also explored the association between fitness and both affiliative and agonistic social interactions. Finally, recent studies have linked genes in the serotonin pathway to variation in social behaviour in humans and captive primates[@b20][@b21][@b22][@b23][@b24]. Nevertheless, the association between serotonergic polymorphisms and naturally occurring social behaviours is less clear. We further aimed to investigate whether genes in this key neuromodulatory system contribute to social variation in our free-ranging population.

To address these questions, we examined networks derived from affiliative (grooming and spatial proximity) and aggressive interactions separately based on two years of data ([Fig. 1](#f1){ref-type="fig"}). For each of these networks, for each year, we calculated an individual-based measure of direct connectedness, strength. Strength is the "weighted" version of degree[@b8] and represents the total frequency at which an individual engages in a given interaction with all partners. We calculated both instrength and outstrength - the frequencies at which an individual receives and gives interactions, respectively - for interactions that can be assigned direction (grooming, aggression). For example, grooming instrength is the rate as which an individual receives grooming from others, while aggression outstrength is the rate at which an individual gives aggression to others. For proximity, which has no direction, strength is the total amount of time a subject spends in proximity to others. We also calculated two measures of indirect connectedness. Betweenness represents the total number of shortest paths in a network graph that pass through a given individual to connect others[@b25]. Individuals with high betweenness connect pairs of individuals who are not otherwise connected to each other (e.g. they are grooming partners with pairs of individuals who are not grooming partners with each other). Finally, we calculated eigenvector, a measure of the extent to which an individual\'s social partners are themselves connected[@b25]. Individuals with high eigenvector interact with others at a high frequency and have partners who interact with others at a high frequency as well (e.g. they spend a lot of time grooming, and have partners who themselves spend a lot of time grooming).

We hypothesized that sociality is heritable and predicted that both direct and indirect measures of sociality would demonstrate additive genetic variance. In addition, we predicted that outwardly directed measures of sociality (outstrength) would demonstrate greater levels of additive genetic variance than inwardly directed measures (instrength) since the former represent interactions over which an individual has a greater amount of control (c.f.[@b5]). We also quantified the magnitude of selection for all traits based on their association with individual reproductive output, and explored genotypic and phenotypic collinearity between traits to allow more complete interpretation of our results. Finally, we examined the possible association between measures of sociality demonstrating heritable variation and variation in genes involved in serotonergic signalling. We focused specifically on a variable insertion in the gene encoding tryptophan hydroxylase (*TPH2*), the rate limiting enzyme in serotonin synthesis, and the 5-HTTLPR polymorphism within the promoter region of the serotonin transporter gene (*SLC6A4*).

Results
=======

Heritability of sociality
-------------------------

We found additive genetic variance for some measures of sociality, in particular those representing indirect connections between individuals. These results were found while controlling for environmental and other factors, such as age, sex, and dominance rank, as well as social "household" effects, which represented matriline (for females) and natal group (for males). Grooming betweenness, an index of affiliative social positioning, demonstrated significant additive genetic variance (*h*^2^ = 0.84, *P* = 0.025), while eigenvector for grooming and spatial proximity demonstrated trends toward additive genetic variance (*h*^2^ = 0.36, *P* = 0.073 and *h*^2^ = 0.33, *P* = 0.060, respectively) ([Table 1](#t1){ref-type="table"}), consistent with a genetic basis for the tendency to interact frequently in an affiliative manner with partners who themselves interact affiliatively at high rates with others. Finally, aggression outstrength, a measure of the frequency at which individuals direct aggression toward others, demonstrated significant additive genetic variance (*h*^2^ = 0.66, *P* = 0.020) ([Table 1](#t1){ref-type="table"}). Following predictions, but in contrast to previous findings in humans and marmots, we found outward directed measures of sociality had greater estimates of heritability (grooming outstrength *h*^2^ = 0.31, aggression outstrength *h*^2^ = 0.66) compared to inward directed measures (grooming instrength *h*^2^ = 0.00, aggression instrength *h*^2^ = 0.00), but only aggression outstrength was statistically significant ([Table 1](#t1){ref-type="table"}).

Relationship between sociality and reproductive success
-------------------------------------------------------

Measures of sociality with additive genetic variance greater than zero have the potential to influence evolution by natural selection. Of these measures, we found that proximity eigenvector had a significant selection differential ([Table 1](#t1){ref-type="table"}): as proximity eigenvector increased, so too did the number of offspring produced by an individual ([Fig. 2a](#f2){ref-type="fig"}). The relationships between reproductive output and many measures of aggression were statistically significant and consistent with disruptive selection; individuals in the tail ends of the distribution of aggressive tendencies produced greater numbers of offspring relative to other members of their age cohort and sex ([Table 1](#t1){ref-type="table"}). For example, individuals who gave the lowest amounts of aggression to others (low aggression outstrength), as well as those who gave the greatest amounts of aggression (high aggression outstrength) produced the greatest relative number of offspring ([Fig. 2b](#f2){ref-type="fig"}). Because the size of some of these effects were small (e.g. aggression outstrength estimate +/− SE = 0.02 +/− 0.01, [Table 1](#t1){ref-type="table"}), they should be interpreted with caution.

Phenotypic and genotypic co-variance of sociality measures
----------------------------------------------------------

Many of the traits we examined co-varied at the phenotypic level, such that individuals with a high score for one metric tended to have high scores for the other metrics (these results are presented in [Supplementary Table S1](#s1){ref-type="supplementary-material"}). However, none of the traits that demonstrated additive genetic variance were genetically correlated ([Supplementary Table S2](#s1){ref-type="supplementary-material"}). Similar genes do not therefore appear to contribute to the expression of variation in grooming eigenvector, grooming betweenness, proximity eigenvector, and aggression outstrength in this population.

Consistency in sociality measures over time
-------------------------------------------

Individuals did not differ in their social network positions from one year to the next ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}), apart from proximity strength, which showed significant differences (*P* = 0.001). The amount of time individuals spend in proximity to others does not, therefore, exhibit within-individual consistency, and although not statistically significant in genetic analyses, results for this measure should be interpreted carefully.

Sociality and serotonergic genes
--------------------------------

Of the traits whose phenotypic variation was explained by additive genetic variance (either significantly, or with a strong trend toward significance), we found one to be associated with serotonergic gene profiles. Grooming eigenvector was significantly related to the interaction between the two polymorphisms examined (*P* = 0.037, [Table 2](#t2){ref-type="table"}), whilst controlling for factors such as dominance rank and including information on relatedness between subjects ([Fig. 3](#f3){ref-type="fig"}). Although the significance of this result in the multivariate model did not withstand correction for multiple tests (Bonferroni *α* = 0.012), post-hoc analysis of this relationship showed that individuals that carried both the 5-HTTLPR short (S) allele and the *TPH2* long (L) allele had significantly lower grooming eigenvector levels than individuals with other combinations of variants at these two loci ([Fig. 3f, i](#f3){ref-type="fig"}) (two-tailed t-tests for 2010 data: *t* = 2.63, *P* = 0.011, and 2011 data: *t* = 4.18, *P* = 0.00007). These alleles were reported as minor alleles based on their frequency in this (see [Fig 3e](#f3){ref-type="fig"} and [Supplementary Fig. S1](#s1){ref-type="supplementary-material"}), as well as other, populations. Thus, individuals carrying the minor alleles for both of these genes were less well-connected in the grooming network compared to individuals with other serotonergic gene profiles ([Fig. 3h, k](#f3){ref-type="fig"}). In addition, although broadly distributed, the 95% confidence intervals of post-hoc analysis values did not overlap the value which would indicate no significant effect (i.e. zero) (*CI*~2010~ = 1.23--8.99, *CI*~2011~ = 2.40--6.75) further supporting an effect of serotonin gene profile on grooming eigenvector[@b26]. No other significant relationships were found between other traits and these loci as main effects, or as interaction terms ([Table 2](#t2){ref-type="table"}).

Discussion
==========

Sociality is assumed to be adaptive, shaped by natural selection acting on heritable variation[@b1][@b2], but its genetic basis remains poorly understood. Here, we report that sociality demonstrates additive genetic variance in a free-ranging population of primates, and is thus heritable. In particular, the tendency to direct aggression toward others, as well as the tendency to form indirect affiliative relationships were both found to have a heritable basis. Indirect connections in humans - friend of a friend relationships - have been reported to have a similar underlying genetic structure[@b12], but only direct measures of sociality were found to have a heritable basis in marmots[@b5].

Recognising the relationships of others is a crucial component of social intelligence that has been well-documented in primates[@b27]. Nevertheless, how animals use this information and whether or not it has been shaped by natural selection remains largely unknown[@b27]. Taken with previous findings in humans and marmots, our results suggest that social temperaments and skills that shape indirect connections may have a genetic basis in some highly gregarious taxa such as the Primates, but perhaps not in other animals, although studies in a broader range of species are required to confirm this idea. Sociality appears to be under selective pressure as well: we found a positive association between indirect measures of sociality and reproductive output. Together, these results endorse the idea that the capacity to form social relationships mediated by other individuals has been shaped by natural selection and may play a crucial role in the evolution of primate societies.

The association between affiliative social behaviours and fitness confirms previous findings in primates---individuals with the greatest indices of sociality (comprised of both grooming and spatial proximity interactions) have been shown to have higher infant survival rates and greater longevity (female baboons, *Papio spp.*)[@b4][@b18][@b19], and to produce the greatest number of offspring (male Assamese macaques, *M. assamensis*)[@b17]. Much less is known, however, about the association between agonistic interactions and fitness. Our study found that aggressive tendencies were significantly related to reproductive output in a way consistent with disruptive selection. Disruptive selection acts to push the distribution of a trait towards its extremes[@b28]. In this case, there was an association between reproductive output and both low and high levels of aggression. Thus, there may be two alternative routes to success in rhesus macaques---an aggressive route and a passive route. However, it should be noted that heritability estimates were only significant for one measure of aggression, the extent to which individuals direct aggression toward others. A lack of additive genetic variance may suggest the other measures of aggressiveness do not have a genetic basis and therefore no evolutionary potential, although studies of different populations in a variety of contexts are required before such a statement be adopted with confidence. Alternatively, the association with fitness we found may indicate that selection has acted to reduce genetic variation in aggression[@b29][@b30]. If true, this could signify that aggressive strategies are vital to the success of male and female rhesus macaques. However, small selection differentials could also indicate that the size of the effect of aggression on reproductive output is below that which might be expected to influence selection.

In our study, one measure of sociality was associated with serotonergic gene profiles based on the 5-HTTLPR and *TPH2* polymorphisms. Grooming eigenvector, the tendency of individuals to spend a lot of time grooming partners who themselves spend a lot of time grooming their own partners, was significantly related to the interaction between the two polymorphisms examined. Although the significance of this result did not withstand correction for multiple hypothesis testing and should, therefore, be considered preliminary until replicated, it is nevertheless consistent with previous studies linking these loci to variation in social behaviour[@b31]. Serotonin is involved in the regulation of mood, memory and learning[@b32]. Previous studies in humans and captive rhesus macaques have linked the S allele of the 5-HTTLPR polymorphism to elevated levels of anxiety, elevated response to social threats, and to a tendency to avoid risks[@b20][@b21][@b23][@b33], while polymorphisms in the gene coding for TPH2 have been associated with human pathologies such as autism spectrum disorder and depression[@b22][@b34][@b35]. In addition, an additive effect of these two genes has been reported to underlie differences in human brain activity in response to social stimuli, with the greatest activation occurring in individuals with gene profiles predicted to result in the greatest recovery of synaptic serotonin[@b36].

By altering expression of genes involved in serotonin synthesis and reuptake, respectively, different combinations of *TPH2* and 5-HTTLPR alleles are expected to influence the intensity and duration of signalling at serotonergic synapses in the brain. The serotonin transporter mediates reuptake of serotonin at synapses, which serves both to terminate serotonergic signalling and to replenish serotonin in presynaptic terminals. Carriers of the minor 5-HTTLPR allele (S) produce lower levels of serotonin transporter, which results in prolonged serotonergic signalling in the short term but depletes presynaptic stores over time[@b37]. Increased TPH2 production, observed in carriers of the minor allele of the *TPH2* repeat polymorphism (L), support higher rates of serotonin production and thus maintain higher levels of presynaptic serotonin[@b38], although increased TPH2 production has also been associated with decreased recovery of serotonin to the presynaptic terminal over time[@b24]. In addition, variation in these genes has been correlated with altered development of several brain regions[@b37][@b39]. Although tentative, the association between serotonergic gene profiles and grooming behaviour in the current study appears to be consistent with a model in which the interaction between the 5-HTTLPR and *TPH2* polymorphisms results in sub-optimal levels of serotonergic signaling and/or with poorly developed neural circuits, and which subsequently results in rhesus macaques that are poorly-connected in an affiliative manner.

In combination with previous findings, our results may also be used to address tentatively why the minor alleles for these genes persist in the population. Social integration was reduced only for rhesus macaques carrying the minor alleles of both *TPH2* and *SLC6A4* in this study; individuals carrying the minor allele for either gene alone were no less socially connected than homozygotes for both major alleles. In addition to no effect on social integration, rhesus macaques with the minor allele for either gene alone may fare better under highly uncertain social and environmental conditions, capitalizing on a tendency to be more vigilant to threats and less likely to adopt risky strategies[@b23]. Indeed, the 5-HTTLPR polymorphism does not predict reproductive output for males in the Cayo Santiago population[@b40], a finding that has been related to the association between this genotype and variation in the age males disperse from their natal groups[@b41]. Together, these findings suggest variation at this locus is either maintained by, or is neutral to, natural selection. Future studies of the association between genetic variation and behaviour, particularly those focusing on naturally occurring behaviours, may reveal a clearer understanding of the costs and benefits of different serotonergic genotypes.

Previous quantitative genetic studies have uncovered specific gene by environmental interactions[@b33][@b42]. Individual rhesus macaques may be more affiliative because they have certain gene profiles, or because they have been subject to particular experiences, which promote different behavioural tendencies. Epigenetic factors, such as DNA methylation, can also vary with environment[@b43], and may also contribute. On a broad-scale, environment was consistent in our study (i.e. subjects were in the same social group during the same period of time, while food provisioning minimizes variation in caloric intake, and factors such as natal group were accounted for statistically), and we accounted for the impact of social factors (e.g. matriline, natal group) on phenotypic variance whenever possible. Nevertheless, environmental, epigenetic, and early-life factors that could not be taken into account using the current dataset are likely to play an important role in the expression of social behaviours in this population. Moreover, other putative polymorphisms exist in the serotonin pathway in this species[@b44]. Assessment of their distributions and associations to sociality will illuminate the relationship between these traits and their underlying genetic structure.

Sociality is an enigmatic trait found in a number of group-living animals including humans and many other species of primate. Our findings echo previous work showing a quantitative link between variation in sociality and fitness. This study also begins to fill the genetic gaps in our understanding of the evolution of sociality, particularly the indirect, multi-agent interactions that characterize the social behaviour of humans and nonhuman primates alike.

Methods
=======

Study subjects and behavioural data collection
----------------------------------------------

Subjects were adult members of a single group of free-ranging rhesus macaques (group "F", *n* = 107) living on Cayo Santiago Island, Puerto Rico. This population was established in 1938 with a single founding population from India[@b45]. Subjects were individually recognized and habituated to observers. Animals are provisioned daily with commercial feed, and browse on natural vegetation with water supplied *ad libitum*. Population control, involving the removal of mostly juveniles, is undertaken once yearly. Animals are not handled outside the removal period and there is no regular medical intervention.

Rhesus macaques (*Macaca mulatta*) are Old World monkeys with a well-characterized social system including high levels of affiliation and despotism, characterized by intense unidirectional aggression from dominants to subordinates[@b13]. Females are philopatric, while males usually leave natal groups at puberty. Male dominance rank is established by physical combat and is transient. Females form stable linear dominance hierarchies, with females securing ranks immediately below their mothers[@b46]. The female hierarchy is further structured into matrilines, made up of closely related females that are close in rank.

We collected behavioural data between May-Dec 2010, and April-Dec 2011 using 10-minute continuous focal animal samples on adults subjects, six-25 years of age, mean (SD) = 12.34 (4.48). Group F contained 29 adult males and 58 adult females in 2010 (*n* = 87), and 32 adult males and 66 adult females in 2011 (*n* = 98). The increase in female numbers was due to maturation of juveniles to adults. Females belonged to three matrilines, and there were no major shifts in rank in the male hierarchy. Six mid to low ranking individuals died and were excluded from analyses, as were five mid-ranking males who emigrated from the group at the beginning of 2011.

We collected 843.7 total hrs of focal animal data with means (SD) of 4.07 (0.39) and 5.02 (0.11) hrs per subject in 2010 and 2011, respectively. We controlled for time of day with data collection evenly spread throughout the day between and within subjects. We recorded the occurrence of all social behaviours, including the identity of the focal animal\'s social partner. Aggression included contact and non-contact aggression. We recorded the identities of all adults in proximity (≤ 2 m) to the focal animal at five-minute intervals for a total of three data points/focal animal sample. We determined dominance rank from the direction and outcome of submissive interactions.

Social network measures
-----------------------

We constructed social networks independently for each year of data collection using UCINET[@b47]. We normalised network metrics by expressing an individual\'s score as a percentage relative to the maximum possible score in each year. We generated confidence intervals for network metrics from 1,000 bootstrapped replicates of association matrices[@b48] using the "tnet" package in R[@b49]. Many individuals exhibited considerable differences in network position from each other ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}).

In order to determine whether individuals were consistent in their network positions from one year to the next, we performed pair-wise comparisons of individual network positions for subjects that were present in both years (*n* = 78) using the means of our bootstrapped data via permutation-based t-tests using PSAM software (10,000 permutations)[@b50]. We controlled for the impact of differences in rank between years by dividing an individual\'s network position in a given year by their rank in that year.

To confirm our quantitative genetic results, we re-ran analyses using mean network measures generated from random networks (*n* = 1,000) with the same number of individuals and probability of association as observed networks. We found no evidence of additive genetic variance for any sociality measure based on random networks ([Supplementary Table S4](#s1){ref-type="supplementary-material"}).

Pedigree
--------

Parentage assignment was based on 29 microsatellite markers (see [Supplementary Methods](#s1){ref-type="supplementary-material"}). Among subjects, there were 12 parent-offspring pairs but no full siblings - mean *r* (SD) = 0.02(0.05) ([Supplementary Figure S3](#s1){ref-type="supplementary-material"}). There is little evidence for high rates of inbreeding on Cayo Santiago[@b51].

Quantitative genetic analyses
-----------------------------

For all quantitative genetic analyses, we used a variance components model in the program Sequential Oligonucleotide Linkage Analysis Routines (SOLAR[@b52]). This model accommodates covariate effects and is well-suited to extended pedigrees such as ours. We tested the significance of heritability estimates by comparing a model that assumes no genetic effect on phenotypic variance to one that assumes an effect of genetics. We evaluated each social network measure using a univariate model that included individual-based environmental effects as well as "household" effects[@b52][@b53]. Household effects (*c*^2^) were matriline for females and natal group for males, the dispersing sex. We included age, dominance rank (on a continuous scale) and sex as fixed effects. Prior to variance component analyses, we blanked outlying values for each network measure[@b53]. Transformation of data to a normal distribution was often not possible due to positive skew. We therefore used a multivariate *t* distribution, rendering this analysis robust to non-normally distributed data[@b52][@b54].

We calculated phenotypic collinearity between all pairs of network measures using Spearman rank correlations[@b30] in R (results are in [Supplementary Table S1](#s1){ref-type="supplementary-material"}). For network measures with heritability estimates \> 0, we calculated genetic correlations using bivariate variance components analyses[@b55], including all fixed and random effects from heritability analyses (results are in [Supplementary Table S2](#s1){ref-type="supplementary-material"}).

We assessed the fitness consequences of social network metrics using adjusted number of offspring produced - extracted from the pedigree - as a measure of reproductive output. We used social network metrics based on 2010 data only as parentage assignment was not completed beyond this year. Females sired an average (SD) of 7.21 (4.07) offspring, males 9.82 (9.18). Variance is greater in males, consistent with male reproductive skew in this species[@b56]. We adjusted values for each subject relative the mean number of offspring for other individuals of that sex and age cohort, allowing us to account for increases in the number of offspring as a function of age, as well as to cope with the effect of heritability by reducing the number of individuals whose reproductive output was adjusted relative to that of their close relatives (e.g. parent-offspring pairs)[@b57]. For both sexes, values represent number of offspring to survive to one year as DNA is not routinely collected for infants who die prior to one year, and parentage cannot be assigned using genetics. While maternity is known through behaviour even if the infant dies prior to DNA collection, the number of infants who did not survive to one year was minimal (0.002%).

Female kin-biased interactions did not appear to substantially impact the relationship between sociality and reproductive output in this study as females with adult daughters present did not have greater reproductive output, nor were they more socially central, compared to females without adult daughters (see [Supplementary Methods](#s1){ref-type="supplementary-material"}).

We used univariate quadratic regressions to estimate selection differentials. We estimated linear selection (S) as the linear covariance between each network metric and reproductive output, and nonlinear selection (C) as the covariance between reproductive output and the orthogonal quadratic estimate of the metric[@b28]. We doubled quadratic regression coefficients and standard errors in order to correctly estimate selection gradients[@b57]. Negative quadratic estimates represent evidence of stabilizing selection, positive estimates represent disruptive selection. We included sex and rank as fixed effects in all cases. We fit selection differential models using MCMC estimations in MLwiN 2.23[@b58].

DNA sample collection
---------------------

We obtained whole blood from live-trapped animals during periods in which behavioural data were not collected (Jan-Mar 2009, 2010, and 2011). Animals were netted following entry to an enclosed area and anesthetized using an injection of ketamine (10 mg/kg body weight). We collected blood via venous puncture and isolated DNA in the field using a QIAGEN kit (cat. \#51106).

Serotonin polymorphisms
-----------------------

We assessed polymorphisms using PCRs with previously described primers. The 5-HTTLPR polymorphism of the serotonin transporter gene (*SLC6A4*) and the *TPH2* repeat polymorphism (159 bp insertion in the 3′ UTR) are both characterized by long (L) and short (S) numbers of repeats[@b37][@b38]. 5-HTTLPR also has a rare extra-long (XL) allele[@b59]. Allelic distributions in our study (*n* = 107) were: 5-HTTLPR: LL = 50.5%, SL = 39.3%, SS = 8.4%, XL = 1.9%; *TPH2*: LL = 4.7%, SL = 43.0%, SS = 52.3%, which are similar to those of previously published findings[@b38][@b40] and do not deviate from Hardy-Weinberg equilibrium (5-HTTLPR: *P* = 0.785; *TPH2*: *P* = 0.276). These loci demonstrated little evidence of linkage disequilibrium, with D at only 6% of its maximal possible value[@b60]. In order to evaluate the association between these polymorphisms and sociality, we included these loci and the interaction between them as fixed factors in quantitative genetic analyses along with random and fixed effects from heritability analyses, as well as pedigree information, thus appropriately accounting for relatedness between subjects[@b55]. We grouped individuals that carried at least one copy of the minor allele for each locus as is the standard for studies with few homozygotes[@b36][@b53]. We defined minor alleles based on their frequency, with the minor alleles being the S 5-HTTLPR allele, and the L *TPH2* allele ([Fig. 3a, b](#f3){ref-type="fig"}). We excluded the 5-HTTLPR XL allele due to rarity.

This study was approved by the IACUC of the University of Puerto Rico, protocol \# A6850108.
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![Social networks of adult rhesus macaques.\
Networks represent grooming (a, b), aggression (c, d), and spatial proximity (e, f) interactions observed in 2010 (a, c, e), and 2011 (b, d, f). Nodes represent individual animals (*n* = 87 in 2010, *n* = 98 in 2011). Females are squares, males circles. Node colour represents dominance rank, increasing from low (pale colours), to mid (medium colours), to high rank (dark colours). Lines represent the presence of an interaction between a pair of individuals with line thickness increasing with the frequency of interaction.](srep01042-f1){#f1}

![Predictive plots for the relationship between sociality and relative reproductive output.\
Plots control for sex and rank. (a) Proximity eigenvector - the tendency of an individual to spend time in proximity with individuals who themselves spend time in proximity to others - increased significantly along with reproductive output. (b) The relationship between aggression outstrength and reproductive output was statistically significant and consistent with disruptive selection. Individuals with the greatest reproductive output directed both the lowest and highest amounts of aggression to others. Relationships for males (blue, *n* = 29) and females (pink, *n* = 58) shown in inset graphs. Plots generated in MLwiN[@b58].](srep01042-f2){#f2}

![Association between grooming and serotonergic gene profiles.\
Individuals were grouped according to presence of minor (less frequent) alleles, S for 5-HTTLPR, L for *TPH2*. We found no significant association between grooming eigenvector (GE) and the 5-HTTLPR (a, b) or *TPH2* (c, d) polymorphisms as main effects in either year of study (2010: a,c; 2011: b,d). (bar graphs = mean ± SE). The interaction between these variables was a significant predictor of GE in quantitative genetic analyses (*P* = 0.037). Based on this interaction (e), individuals had major alleles at both loci (*n*~2010~ = 27; *n*~2011~ = 29), the major allele at one loci and minor allele at the other (*n*~2010~ = 18 and 22; *n*~2011~ = 23 and 19), or minor alleles at both loci (*n*~2010~ = 18; *n*~2011~ = 23). Individuals with minor alleles at both loci had significantly lower GE scores than individuals with at least one major allele in both 2010 (f) and 2011 (i). GE for individuals with at least one major allele did not differ significantly and these data were collapsed (g, j) (see also [Supplementary Fig. S3](#s1){ref-type="supplementary-material"} for sample sizes and mean GE using raw data for all possible gene profiles). Two-tailed t-tests of collapsed data were statistically significant (2010: *t* = 2.63, *P* = 0.011; 2011: *t* = 4.18, *P* = 0.00007). Sociograms of the grooming networks in 2010 (h) and 2011(k). Squares are females, circles males. Lines represent the presence of a grooming interaction between dyads with line thickness increasing with frequency of interaction. Individuals with the highest GE are represented by largest node sizes and central graph positions. Based on their serotonergic gene profiles, rhesus macaques with minor alleles at both loci (red nodes) had the lowest GE. These individuals have small node sizes and are toward the graph\'s periphery, sometimes with no grooming partners (nodes in bottom left). Two females homozygous XL for 5-HTTLPR (white nodes) were excluded from analyses. \*\**P* ≤ 0.01, \* *P* ≤ 0.05.](srep01042-f3){#f3}

###### Additive genetic variance and selection differentials of social network measures

                  *Proportion of Variance*   *Selection Differentials*                                                                                                                                                                                                                                                                                                                                                            
  -------------- -------------------------- --------------------------- --------------------------------------- ------------- ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ----------- ------------------- ----------------------------------------- --------------------------- ------------------------------------------ ----
  *Grooming*                                                                                                                                                                                                                                                                                                                                                                                                                        
  Instrength                 D                         0.00                              0.500                      0.00                        −0.03 (0.02)                     **0.34 (0.17)**[\*](#t1-fn1){ref-type="fn"}                     −0.005 (0.01)                    183 (106)   **0.002 (0.001)**    **0.036**[\*](#t1-fn1){ref-type="fn"}    −0.23×e^−5^ (0.18×e^−5^)                     0.199                     79
  Outstrength                D                      0.31 (0.30)                          0.144                      0.00                        −0.01 (0.02)                    **1.10 (0.23)**[\*\*](#t1-fn1){ref-type="fn"}    **−0.02 (0.001)**[\*](#t1-fn1){ref-type="fn"}    182 (104)     0.001 (0.001)                      0.413                    −0.53×e^−5^ (0.73×e^−5^)                     0.467                     79
  Betweenness                I                    **0.84 (0.31)**        **0.025**[\*](#t1-fn1){ref-type="fn"}      0.00                        −0.04 (0.06)                                     0.66 (0.57)                                      0.007 (0.02)                    179 (101)    −0.001 (0.001)                      0.427                     2.90×e^−5^ (2.80×e^−5^)                     0.303                     79
  Eigenvector                I                    **0.36 (0.24)**                    **0.073^†^**                   0.00                        0.32 (0.18)                     **12.57 (1.04)**[\*\*](#t1-fn1){ref-type="fn"}   **−0.27 (0.05)**[\*\*](#t1-fn1){ref-type="fn"}   181 (104)      0.16 (0.17)                       0.887                           3.30 (4.42)                           0.456                     79
  *Aggression*                                                                                                                                                                                                                                                                                                                                                                                                                      
  Instrength                 D                         0.00                              0.500                      0.00       **−0.07 (0.02)**[\*\*](#t1-fn1){ref-type="fn"}   **1.00 (0.22)**[\*\*](#t1-fn1){ref-type="fn"}    **0.02 (0.01)**[\*\*](#t1-fn1){ref-type="fn"}    183 (105)     −0.05 (0.06)                       0.483                           0.02 (0.05)                           0.635                     79
  Outstrength                D                    **0.66 (0.28)**        **0.020**[\*](#t1-fn1){ref-type="fn"}   0.07 (0.14)                    −0.01 (0.03)                                     −0.45 (0.32)                    **−0.07 (0.01)**[\*\*](#t1-fn1){ref-type="fn"}   182 (105)      0.05 (0.05)                       0.260                         **0.02 (0.01)**        **0.004**[\*\*](#t1-fn1){ref-type="fn"}    79
  Betweenness                I                         0.00                              0.500                      0.00                        −0.05 (0.03)                                     −0.61 (0.33)                                     −0.01 (0.33)                    181 (103)   −0.1×e^−4^(0.002)                    0.977                    **0.1×e^−4^ (0.2×e^−4^)**   **0.0003**[\*\*](#t1-fn1){ref-type="fn"}   79
  Eigenvector                I                         0.00                              0.500                      0.00       **−0.40 (0.10)**[\*\*](#t1-fn1){ref-type="fn"}   **5.81 (1.06)**[\*\*](#t1-fn1){ref-type="fn"}    **−0.18 (0.03)**[\*\*](#t1-fn1){ref-type="fn"}   182 (105)    **1.93 (0.96)**     **0.046**[\*](#t1-fn1){ref-type="fn"}        **21.51 (5.96)**        **0.0003**[\*\*](#t1-fn1){ref-type="fn"}   79
  *Proximity*                                                                                                                                                                                                                                                                                                                                                                                                                       
  Strength                   D                      0.28 (0.24)                          0.122                   0.07 (0.09)                    0.02 (0.02)                     **1.54 (0.21)**[\*\*](#t1-fn1){ref-type="fn"}    **−0.02 (0.01)**[\*\*](#t1-fn1){ref-type="fn"}   185 (107)    **1.18 (0.49)**     **0.016**[\*](#t1-fn1){ref-type="fn"}          −0.28 (2.72)                           0.920                     79
  Betweenness                I                         0.00                              0.500                      0.00                        −0.03 (0.02)                    **0.60 (0.18)**[\*\*](#t1-fn1){ref-type="fn"}                     0.002 (0.01)                    180 (102)     0.001 (0.002)                      0.560                    −0.15×e^−4^ (0.24×e^−4^)                     0.549                     79
  Eigenvector                I                    **0.33 (0.22)**        **0.060**[†](#t1-fn1){ref-type="fn"}    0.03 (0.07)                    −0.10 (0.15)                     **11.87 (1.58)**[\*](#t1-fn1){ref-type="fn"}    **−0.17 (0.04)**[\*\*](#t1-fn1){ref-type="fn"}   184 (106)    **3.64 (1.25)**    **0.004**[\*\*](#t1-fn1){ref-type="fn"}        −10.75 (17.44)                          0.538                     79

Sociality measures represent direct (D) and indirect (I) interactions. Quantitative genetic models were used to estimate the proportion of variance (SE) attributed to additive genetic variance (*h*^2^), household effects (matriline for females, natal group for males), age, sex, and rank using sample size N1 (number of data points, number of unique individuals). We retained in models environmental effects, household effects \> 0, and significant fixed effects. Quadratic regressions for directional (S) and stabilizing/disruptive (C) selection differentials performed using sample size N2. Sex and rank included as fixed effects. Positive C values represent disruptive selection, negative values stabilizing selection. Stabilizing/disruptive selection estimates and errors were multiplied by 2. \*\**P* ≤ 0.01, \**P* ≤ 0.05, **^†^** *P* ≤ 0.07. Full model results are in [Supplementary Table S3](#s1){ref-type="supplementary-material"}.

###### Relationship between sociality and genes in the serotonin pathway

                           5-HTTLPR     *TPH2*   5-HTTLPR [\*](#t2-fn1){ref-type="fn"}*TPH2*                                                                     
  --------------------- -------------- -------- --------------------------------------------- ------- ------------------ --------------------------------------- -----------
  *Grooming*                                                                                                                                                           
  Betweenness            0.05 (0.71)    0.900                    0.14 (0.73)                   0.733     −1.16 (1.04)                     0.187                   179 (102)
  Eigenvector            0.32 (1.03)    0.678                    1.55 (1.02)                   0.133   **−3.46 (1.67)**   **0.037**[\*](#t2-fn1){ref-type="fn"}   181 (104)
  *Aggression*                                                                                                                                                         
  Outstrength            −0.43 (0.38)   0.150                   −0.78 (0.40)                   0.065     0.57 (0.57)                      0.283                   182 (105)
  *Spatial Proximity*                                                                                                                                                  
  Eigenvector            −0.50 (1.80)   0.844                    2.05 (1.86)                   0.288     −2.65 (3.69)                     0.340                   184 (106)

Univariate quantitative genetic models used to determine the estimated proportion of variance (SE) attributed to serotonin genotypes. Models included age, dominance rank and sex as fixed effects, along with a household effect (matriline for females, natal group for males) and used sample size N (number of data points, number of unique individuals). We examined main effects of each genotype, as well as the interaction between them (5-HTTLPR \* *TPH2*). Genotypes were coded as binary, categorical data with individuals carrying at least one copy of the minor allele grouped together (i.e. 5-HTTLPR: SS and SL; *TPH2*: LL and SL). We included pedigree information in the analysis, thus appropriately accounting for the close degree of relatedness between many study subjects. \**P* ≤ 0.05.
